Recently, besides recurrent financial gains, industries have been required to boost their environmental and social performance to fulfil the demands of several stakeholders. Moreover, the need to measure the sustainability of manufacturing processes is recognized because the production and operations managers need to know how they are contributing to the triple bottom line of their respective companies. To do that, many initiatives have been developed although all of them face some limitations: (a) they are only appropriate for the company as a whole, which makes their application for a manufacturing process difficult; (b) they consider the measures for sustainability (economic, environmental and social) as separate variables with no integration among them, which could become a methodological difficulty in case indicators move in different directions; or (c) they are too complicated to be used as a practical tool on the factory floor. Hence, this study proposes a framework to evaluate the sustainability level of a manufacturing process, integrating the economic, environmental, and social variables into a single combined measure. A case study exemplifies how the proposed procedure can be applied in real-world situations.
Introduction
In the last few decades, sustainability has been the focus of intense discussions due to the vital role of the manufacturing activities in value creation in national economies and their environmental and social impacts [1] . Industries have also been required to foster their environmental and social performance to comply with the demands of and pressures from several stakeholders [2] [3] [4] . Therefore, the quest for sustainability involves not only environmental and social gains, but also the pursuit of improved economic performance [5] [6] [7] .
In line with this concept, Garetti and Taisch [8] define sustainable manufacturing as the capacity to use natural resources in such a way that the economic, environmental, and social aspects are attained, minimizing the adverse impacts of industrial operations on the environment. Manufacturing companies are expected to include the three aspects of sustainability (economic, environmental, and social) as part of their strategies and activities, establishing a dynamic balance among them [9, 10] . Therefore, firms have adopted several models to evaluate and measure their sustainability level. The initiatives most commonly observed in the literature and in practice are detailed in the following paragraphs.
Elkington [11] indicated that the measurement of sustainability should go beyond the traditional considerations of return on investment, profits, and shareholder value. Consequently, the triple bottom line (TBL) concept was proposed. Besides economic aspects, environmental and social factors should be considered to measure those interrelated features considering the so-called three Ps: profits, people, and planet. This concept enabled the establishment of the TBL index, which is an aggregate measure of the sustainability performance of a company as a dynamic balance among economic growth, environmental improvement, and social equity. Despite being called an index, TBL is measured considering the three pillars of sustainability individually, not as an aggregate [12] .
Measuring each sustainability aspect as a separate variable presents a practical problem when evaluating the global sustainability of a company in case variables evolve in different directions. As an example, suppose that in a given company, there is a serious problem in a piece of equipment that generates an excessive loss of working hours due to accidents suffered by machine operators. To solve this issue, the industrial engineering department suggests that reducing the machine speed (increasing the production cycle time) would eliminate the operator accidents almost completely. In terms of sustainability, this solution (a) improves the social aspect because the number of accidents is drastically reduced, and (b) worsens the economic aspect because the production cost is increased (higher cycle time). In this case, what happens to the overall sustainability of the company? Does it improve? Does it worsen? Or does it remain unchanged? Without a single measure that integrates the three aspects of sustainability, this question cannot be answered.
In 1999, many leading firms in the United States, Europe, and Japan decided to become sustainable companies and adopted many initiatives to improve the environmental and social performance of their products, processes, and facilities [5] . Nevertheless, they faced the challenge of tracking their evolution towards sustainability. To support the decision-makers, the authors [5] proposed a model to measure the sustainable performance considering: (a) the resource and value indicators; (b) the environmental, economic, and social dimensions; (c) the life cycle of products; and (d) combining leading and lagging indicators. To measure sustainability, they proposed an 11-step process. As a starting point, the organization should define its sustainability policy and identify the key performance indicators, establishing the objectives. Then, it should recognize the specific indicators for the organization. However, the specialists involved in the model implementation process should initially define the measurement scope that could be just a product, a process, or the organization as a whole. The three aspects of sustainability considered in this model were treated as separate measures, not as an aggregate unit.
The Dow Jones Sustainability Index (DJSI) World, established in 1999, is a global indicator of the financial performance of the world's most sustainable companies listed on the New York Stock Exchange. The index presupposes that sustainability is the ability to create long-term shareholder value by managing opportunities and risks associated with economic, environmental, and social development [13] . It is measured considering the top 10% of the most sustainable companies in each industry. "On any given day, the index value is the quotient of the total float-adjusted market capitalization of the index's constituents and its divisor" ( [14] , p. 12). Note that the DJSI is a financial index that measures the overall performance of the most sustainable companies, not the specific values of economic, environmental, and social performance.
One of the most commonly used tools to evaluate the sustainability of companies is the Global Reporting Initiative (GRI). Since the early 1990s, a wide set of sustainability indicators have been proposed to support firms of any size to understand and communicate their contributions to sustainable development. These indicators consider the economic, environmental, and social impacts of companies aiming at attaining present needs without compromising future generations [15] . The current version of the GRI Report (G4) defines the required principles to build a thorough and comprehensive description of the most important aspects of sustainability in line with the triple bottom line. However, the GRI report measures the sustainable performance of a company as a whole, making it difficult to use it in a part of the company, i.e., a manufacturing process. Moreover, besides considering the three pillars of sustainability, there is no integration among them to evaluate the sustainability as a whole [16] .
The Sustainability Metrics of the Institution of Chemical Engineers (IChemE) proposes several indicators used to assess the sustainability performance of process industries. Such a model is in line with the GRI principles and directives and considers the triple bottom line as the "environmental responsibility, economic return (wealth creation), and social development" ( [17] , p. 4).
Azapagic [18] developed a model to evaluate the sustainable performance of mining companies through the proposal of a set of indicators for economic, environmental, and social variables. The indices used were in line with those proposed by the GRI initiative aiming at standardizing the sustainability reports to enable a cross-comparison among the firms. To accomplish that, it was necessary to adopt or exclude some specific indicators not compatible with the mining industry. Delai and Takahashi [19] suggested a referential model to measure the sustainability of companies and to support the companies in implementing sustainable actions. The model was developed considering the strongest aspects of GRI and IChemE models and included four phases: definition of sustainability objectives and goals; measurement of economic, environmental, and social indicators; communication of the results; and continuous evaluation of the sustainable aspects of the company. The sustainability indicators were not integrated into a single measure and the model was difficult to apply for evaluating the sustainability of a manufacturing process.
Finally, Marques et al. [20] proposed a model to evaluate the sustainability of urban water services (UWS), assuming five dimensions: the financial, environmental, and social aspects in addition to governance and asset management. They suggested an additive aggregation model relying on partial scores for each dimension that ended up defining the UWS sustainability level. Despite considering a single measurement to evaluate sustainability, the proposed concept can only be applied to UWS; it is not suitable for manufacturing processes.
There are many other initiatives developed to measure the sustainability level of companies, but they are less commonly used. They include the ISO Environmental Performance Evaluation [21] ; the Dashboard of Sustainability [22] ; the Barometer of Sustainability Index [23] ; the United Nations of Sustainable Development [24] ; the ETHOS Corporate Social Responsibility Indicators [25] ; the Enterprise Sustainability Index [26] ; the Environment Performance Sustainability [7] ; the OECD Core Environmental Indicators [27] ; and the Food Product Index [28] .
Besides evaluating the sustainability performance of companies, previous studies also recognized the need to measure the sustainability of manufacturing processes, considering that the production and operations managers need specific tools to evaluate how they are contributing to the triple bottom line of their respective companies. For this purpose, several initiatives were developed.
Veleva and Ellenbecker [29] identified the need to assess the sustainable production as defined by the Lowell Center for Sustainable Production at the University of Massachusetts-Lowell. The authors proposed a new framework relying on the core and supplemental indicators to improve the way companies were measuring their path towards sustainable manufacturing systems. The model included an eight-step process to implement 22 core sustainable performance indicators and evaluated the sustainability aspects separately.
Labuschagne et al. [9] recognized that existing models to measure overall business sustainability were not adequate to assess the three pillars of sustainability at the manufacturing operations level. Hence, they proposed a framework to be applied to the production system instead of the entire firm to overcome the difficulty presented by previous models. The framework included four levels: the corporate responsibility strategy; the company strategy split into two initiatives: operational and social; the operational initiative evaluated considering the three dimensions of sustainability; and the criteria adopted in each sustainability dimension. Even though this model was designed to be applied at the operational level, its application to measuring the sustainability of a manufacturing process is too complicated and difficult to apply in real-world situations. Moreover, the three sustainability aspects are assumed as standalone concepts with no integration.
Tseng et al. [30] defined sustainable production indicators considering the interdependence between the criteria selected to measure the three pillars of sustainability and the fuzziness of their subjective awareness. They used a combination of fuzzy measures and analytical network process (ANP) approach to propose a large number of sustainable production indicators to evaluate the sustainability of a manufacturing process by monitoring the evolution of each selected indicator.
Following the same objectives proposed by Labuschagne et al. [9] , Jung et al. [31] reviewed several sustainability indicators available in the literature and proposed a classification method for quantifiable indicators related to manufacturing operations. They considered five dimensions for sustainability: "environmental stewardship, economic growth, social well-being, technological advancement, and performance management" (p. 150). As a result, more than 200 different indicators were suggested. The manufacturing sustainability measurement was performed considering the progress of each one of the five dimensions.
Subic et al. [32] proposed a new "capability assessment tool" to recognize the capability gaps related to sustainable production. To do that, they identified 170 capabilities grouped into areas such as energy management, resource consumption, carbon emissions, waste generation and reduction, and environmental practices required for sustainable manufacturing. The production sustainability measurement was made through a radar graph considering 18 dimensions (axis). The performance in each dimension was then indicated in a graph, generating a polygon. The area of the resulting figure represented the sustainability performance of the manufacturing process.
A more comprehensive approach was taken by Linke et al. [33] to generate a forthright procedure for measuring the sustainability of discrete production processes. Besides the usual selection of sustainability indicators, the study proposed diverse forms of their normalization. The normalized indices were then simplified to a single sustainability indicator using a utility breakdown to enable a direct comparison among different process variations. Even though Linke et al. [33] offer a single measure to evaluate the sustainability of a manufacturing process by combining the three dimensions of sustainability, the utilization of subjective normalization factors can make its implementation rather complicated on the factory floor.
Although it is not exactly in line with the focus of the present study, Shankar et al. [34] integrated advanced manufacturing techniques with sustainable manufacturing. For that purpose, the authors evaluated many drivers of advanced sustainable production calibrated through the opinions of experts in the field. Then, an analytical hierarchy process (AHP) was used to prioritize the most relevant drivers. Shankar et al. [34] did not consider the sustainability aspects (economic, environmental, and social) to determine the sustainability performance of the production process, which makes it inadequate to support our current research.
Helleno et al. [35] proposed a conceptual model to incorporate sustainability indicators into the value stream mapping (VSM) approach usually applied to manufacturing processes. In principle, their framework was considered a part of the VSM technique for the inclusion of environmental and social variables, in addition to the typical processes and material and information flows considered in traditional VSM applications. Even though the proposed framework considered a single KPI to measure the performance of each sustainability aspect, it does not propose a single measure to aggregate them.
Finally, Kluczek [36] used a multi-criteria method to assess the sustainability of a production process, considering four aspects: technical, economic, environmental, and social. The author defined a rank for activity areas in manufacturing considering the sustainability objectives of a company. As part of this framework, the author proposed a measure called "degree of sustainability in manufacturing," which was simply calculated as the average of the four indicators for each sustainability aspect. Even though the proposed method allows the integration of the sustainability aspects into a single measure, the utilization of AHP with a weighted scale makes this framework not very user-friendly for the manufacturing floor use.
Considering the methods to evaluate the sustainability performance of a manufacturing process (the main objective of this study), all the aforementioned models suffer from certain limitations: (a) they are applicable for the company as a whole or are not adequate for the sustainability measurement of manufacturing processes, (b) they consider the measures for the triple bottom line aspects as separate variables with no integration among them. This could present a methodological difficulty if different sustainability measures evolve in diverse directions, or (c) they are too complicated to be used as a practical tool by the practitioners on the factory floor.
Therefore, this study proposes a conceptual framework to measure the sustainability level of a specific manufacturing process, integrating the economic, environmental, and social variables into a single measure that will adequately overcome the methodological limitations of previous studies.
The rest of this work is structured as follows. Section 2 explains the methods and the proposed conceptual framework. Section 3 presents a case study of the application of the framework in real-world situations. Section 4 presents a discussion of the results and concludes the work.
Materials and Methods
This work proposes a conceptual evaluation of the sustainability of a manufacturing process. A part of the suggested framework is regarded as an index that allows the integration of the three pillars of sustainability into a single measure. This work can be methodologically categorised as a conceptual paper where the literature review on sustainability is complemented by theoretical work and a practical example to support the recommended framework [37, 38] .
Proposal for Measuring the Sustainability Level of a Manufacturing Process
As discussed in Section 1, the sustainability of a company or a manufacturing process should consider the following three pillars: economic, environmental, and social sustainability.
Let us assume that the economic aspects associated with a given manufacturing process "P" are represented by a set of "n" financial variables designated by f 1 , f 2 , f 3 ,..., f n . Hence, a vector represented by its transposed version (f P ) (Equation (1)) can characterize the financial performance of process "P".
As part of its conceptual framework, this study defines the financial performance level of a manufacturing process "P" (P f ) as the length of vector f P . Johnson and Wichern [39] state that the length of vector f P can be determined using Equation (2):
Conversely, let us assume that the environmental features linked to a given manufacturing process "P" are characterized by a set of "m" environmental variables designated by e 1 , e 2 , e 3 ,..., e m . Hence, a vector represented by its transposed version (e P ), as shown in Equation (3), can illustrate the environmental performance of process "P". e P = [e 1 , e 2 , e 3 , · · · , e m ]
Similarly, the environmental performance level of a manufacturing process "P" (P e ) is the length of the vector e P , which can be calculated using Equation (4 
Finally, the social aspect related to a certain manufacturing process "P" is represented by a set of "p" social variables designated by s 1 , s 2 , s 3 ,..., s p . Hereafter, a vector represented by its transposed version (s P ) (Equation (5)) demonstrates the environmental performance of process "P".
Therefore, the social performance level of a manufacturing process "P" (Ps) is the length of vector s' P (Equation (6)).
The analysis of the way the performance level indicators were built shows the problems in the execution if care is not taken when defining how to measure the indicators. For the adequate and precise utilization of the concepts proposed herein, two safeguards are required. First, all indicators should have the same order of magnitude with indicators expressed as a percentage in their unitary form or in any other arrangement to adjust their measurement unit. Second, all indicators should be built in such a way that they evolve in the same direction, i.e., if the value of the indicators increases, the performance they measure improves, or vice-versa. However, measuring the sustainability level of a production process using three different indicators (economic, environmental and social) can present a practical limitation as explained in Section 1. To overcome this difficulty, this work proposes to establish a single combined measure to characterize the sustainability level of a manufacturing process (SP): Let us consider an R3 Cartesian orthogonal reference system where each axis represents one of the three sustainability pillars as shown in Figure 1 (the financial axis-f; the environmental axis-e; the social axis-s). In each axis, let us mark the respective performance level, calculated using Equations (2), (4), and (6), respectively, which defines three points: A(P f ,0,0), B(0,P e ,0), and C(0,0,P s ).
The three points, A, B, and C, in this R3 Cartesian orthogonal reference system, forms a triangle. The sustainability level of the manufacturing process "P" (SP) is defined as the area defined by the triangle ABC to overcome the previously mentioned practical limitations. In fact, it is now possible to determine what happens to the sustainability level of the process after the changes were made to eliminate the problems. Let us assume that the area of the triangle ABC is A 1 before the changes were made and A 2 after the changes (after increasing Ps and reducing P f ). If A 2 > A 1 , the sustainability level of the manufacturing process "P" increases. If A 2 < A 1 , the sustainability level decreases. If A 2 = A 1 , it remains unchanged. characterize the sustainability level of a manufacturing process (SP): Let us consider an R3 Cartesian orthogonal reference system where each axis represents one of the three sustainability pillars as shown in Figure 1 (the financial axis-f; the environmental axis-e; the social axis-s). In each axis, let us mark the respective performance level, calculated using Equations (2), (4), and (6), respectively, which defines three points: A(Pf,0,0), B(0,Pe,0), and C(0,0,Ps). The three points, A, B, and C, in this R3 Cartesian orthogonal reference system, forms a triangle. The sustainability level of the manufacturing process "P" (SP) is defined as the area defined by the triangle ABC to overcome the previously mentioned practical limitations. In fact, it is now possible to determine what happens to the sustainability level of the process after the changes were made to eliminate the problems. Let us assume that the area of the triangle ABC is A1 before the changes were made and A2 after the changes (after increasing Ps and reducing Pf). If A2 > A1, the sustainability level of the manufacturing process "P" increases. If A2 < A1, the sustainability level decreases. If A2 = A1, it remains unchanged. Following the development, the area of the triangle ABC (sustainability level of manufacturing process "P") can be determined as follows. First, the length of each side of triangle ABC is calculated [40] : Following the development, the area of the triangle ABC (sustainability level of manufacturing process "P") can be determined as follows. First, the length of each side of triangle ABC is calculated [40] :
Then, the area P is calculated using Heron's formula [40] :
In summary, the framework to determine the sustainability level of the manufacturing process "P" can be established through the following steps:
Select the variables that describe the economic aspects of process "P" (f 1 , f 2 , . . . , f n ); Do the same for the environmental aspects (e 1 , e 2 , . . . , e m ); Do the same for the social aspects (s 1 , s 2 , . . . , s p ); Calculate the economic performance of process "P" using Equation (2); Calculate the environmental performance of process "P" using Equation (4); Calculate the social performance of process "P" using Equation (6); Calculate the area A of triangle ABC using Equations (7) through (10) . Area A represents the sustainability level of manufacturing process "P".
It will then be possible to monitor the progress of the sustainability level of a given manufacturing process by repeating these steps through time. If the area "A" increases, the sustainability level will improve; otherwise, it will be decreasing or will remain constant.
To improve the understanding of its practical applications, this framework was applied to a CNC machining lathe that produces non-ferrous metal parts for industrial applications.
Selection of the Manufacturing Process to Support the Case Study
To exemplify how the proposed framework for measuring the sustainability level of a manufacturing process could be applied to a real-world situation, a case study was developed. The researchers used the manufacturing data provided by a sustainability-conscious non-ferrous metal part producer that manufactures finished machine parts from cast blanks in their own foundry.
According to Ritzman and Krajewski [41] , a manufacturing process is any activity that starts with one or more inputs, transforming and adding value to them, and generating one or more products. According to this definition and considering the recommendations made by Garriston et al. [42] , among all the possible industrial processes/equipment, the researchers chose a CNC machining lathe operating six days per week on a three-shift basis, based on three main reasons: (a) it encompassed a set of sustainability indicators adequately to demonstrate the application of the proposed framework; (b) it was used to machine several types of complex cylindrical parts, very similar to each other (to avoid mixing problems); and (c) it presented an operational problem whose resolution affected several sustainability indicators. These characteristics made this equipment suitable for this study.
The selected equipment is a Mazak CNC lathe, model Quick Turn Nexus 250, with a capacity to turn parts up to 380 mm in diameter, with a displacement of 230 mm in axis "x" and 575 mm in axis "z". Its operating power is 26 kW. It occupies a floor space of 2930 mm × 1978 mm. Its operation follows the standard process parameters for each machined part. Since the parts manufactured in this machine were very similar, the changes in machining parameters (other than the cycle time) were negligible. All the machined parts were made of cast bronze. Typical values used were 4000 rpm, feed 0.2 mm/turn, and depth of cut 0.1 mm.
The company that operates this machine monitors a set of economic, environmental, and social indicators (Table 1) . In Table 1 , unusual units were used to measure sustainability indicators because, to properly apply the proposed framework, indicators should have the same order of magnitude and should be built in such a way that they evolve in the same direction (in this case, the higher, the better).
Therefore, based on the actual values provided by the company, the authors adjusted the measuring units to incorporate those two safeguards and allow an adequate utilization of the proposed method.
Values required to determine the sustainability indicators are obtained by the industrial engineering department on a monthly basis; i.e., at the end of each month, the industrial engineer that supervises the machining area gathers all the needed data from several sources to calculate the indicators, which are then made available to the management and decision-makers of the company. The results expressed in Table 1 reflect the monthly average values for the second half of 2016. 
Results of the Case Study
This machining centre had an operational problem; the company reported that the number of lost hours due to accidents was significantly higher than in similar machines operated in the same environment. One kaizen team deployed to assess this issue stated that the problem occurred during the part unloading operation. To minimize the cycle time, the operators attempted to remove the finished part while it was still spinning at a reduced speed. As it is impossible for the operator to evaluate how fast the part is moving, sometimes this unloading action ends up provoking small injuries to the operator's fingers. They are not serious wounds but enough to cause loss of work hours (usually a couple of days).
To eliminate this problem, the kaizen team implemented a lock on the machine door that would allow the operator to open it only after the spindle was completely stopped. This modification required some adjustments to the CNC programs, which resulted in an increase of 3% in the cycle time and the labour cost, 1% in the setup time, and 1.5% in electric energy costs. After the implementation of these modifications and allowing some time for the process to stabilize, the number of lost hours due to accidents in this CNC machining lathe dropped significantly, by 37%, to values comparable to other pieces of equipment in the same area. These new inputs were adjusted by the authors to comply with the selected measuring units. Table 2 shows the values of the sustainability indicators after the intervention of the kaizen team.
To easily compare the results before and after the process intervention, Equations (2), (4), and (6) were applied to calculate the effect of changes on the economic, environmental, and social performance of the CNC machining lathe. These results are summarized in Table 3 . This example clearly shows the problem associated with not having a single measure of the sustainability level of a manufacturing process. The kaizen team intervention improved the social performance of the machine under evaluation (from 68.45 to 84.27) ( Table 3) . However, this improvement adversely affected both the environmental (from 83.19 to 82.84) and the economic (from 54.56 to 53.08) performance. In general, the gains were more significant than the losses, resulting in an overall sustainability improvement achieved with the intervention in the CNC machining lathe. If the differences were not significant, it would be difficult to reach a conclusion about the effect of the process change on the overall sustainability level. However, the framework proposed in this study contributes to overcoming that issue by calculating a unique measure to evaluate the sustainability level of the process by applying Equations (7)-(10) ( Table 4) . In the case study, the modifications implemented in the manufacturing process improved the overall sustainability level of the CNC machining lathe by 7.5% (from 147.4 to 158.1) ( Table 4) . Despite different magnitudes of environmental, economic, and social performance measures, this framework considered even the small variations in the opposite directions (not intuitive when considered individually) in determining the overall impact on the sustainability level.
Discussion and Conclusions
The framework proposed here closes some gaps identified in the literature. First, it allows the evaluation of the sustainability of manufacturing processes providing managers with a tool to assess the effect of their operational actions and to contribute to the improvement of the triple bottom line of their companies. This surpasses the limitations observed in several sustainability models such as the Dow Jones Sustainability Index [13] , GRI [16] , the Sustainability Metrics of the Institution of Chemical Engineers [17] and the models proposed by Elkington [11] , Azapagic [18] , Labuschagne et al. [9] , and Delai and Takahashi [19] .
The framework also suggested a method to integrate the three aspects of sustainability (economic, environmental, and social) into a single measure, making it possible to overcome the constraints in evaluating the sustainability at the manufacturing process level. Hence, the proposed framework has a significant advantage over the initiatives reported in the literature such as Subic [32] , Linke et al. [33] , Shankar et al. [34] , Helleno et al. [35] , and Kluczeck [36] .
Consequently, the suggested framework contributes to both the theory and the practical applications of sustainability evaluation methods. On the theoretical side, this work proposes a new and innovative way to evaluate the sustainability level of a manufacturing process using a single measure, which was not contemplated as proposed here in the extant literature. On the practical side, the framework provides a user-friendly tool for manufacturing managers to measure the impact of their actions on the improvement of the triple bottom line of their firms.
The proposed framework has some limitations. First, the application of the framework considered only one manufacturing process/equipment with unusual characteristics. The authors recommend the utilization of the proposed framework in several other manufacturing processes to validate its use in more complex situations. Second, the case study presented here only aimed at showing the framework operation in a real-world situation. However, in more complex scenarios, if care is not taken during the selection of sustainability indicators, different sets of indices for each piece of equipment could be obtained, making it difficult to assess the sustainability for the entire manufacturing area. Further research is needed to develop new criteria and guidelines to establish sustainability indicators that enable a single set of measures to be used in the same manufacturing area for different types of equipment.
